The variable 56-kDa major outer membrane protein of Orientia tsutsugamushi is the immunodominant antigen in human scrub typhus infections. We developed a rapid immunochromatographic flow assay (RFA) for the detection of immunoglobulin M (IgM) and IgG antibodies to O. tsutsugamushi. The RFA employs a truncated recombinant 56-kDa protein from the Karp strain as the antigen. The performance of the RFA was evaluated with a panel of 321 sera (serial bleedings of 85 individuals suspected of scrub typhus) which were collected in the Pescadore Islands, Taiwan, from 1976 to 1977. Among these 85 individuals, IgM tests were negative for 7 cases by both RFA and indirect fluorescence assay (IFA) using Karp whole-cell antigen. In 29 cases specific responses were detected by the RFA earlier than by IFA, 44 cases had the same detection time, and 5 cases were detected earlier by IFA than by RFA. For IgG responses, 4 individuals were negative with both methods, 37 cases exhibited earlier detection by RFA than IFA, 42 cases were detected at the same time, and 2 cases were detected earlier by IFA than by RFA. The sensitivities of RFA detection of antibody in sera from confirmed cases were 74 and 86% for IgM and IgG, respectively. When IgM and IgG results were combined, the sensitivity was 89%. A panel of 78 individual sera collected from patients with no evidence of scrub typhus was used to evaluate the specificity of the RFA. The specificities of the RFA were 99% for IgM and 97% for IgG. The sensitivities of IFA were 53 and 73% for IgM and IgG, respectively, and were 78% when the results of IgM and IgG were combined. The RFA test was significantly better than the IFA test for the early detection of antibody to scrub typhus in primary infections, while both tests were equally sensitive with reinfected individuals.
demonstrated to be a reliable method for diagnosing scrub typhus (14, 17) . Furthermore, different genotypes associated with different Orientia serotypes can be identified by analysis of variable regions of this gene without isolation of the organism (10, 13, 14, 16, 17, 25, 34) . However, gene amplification requires a sophisticated instrument and labile reagents which are generally not available in most rural medical facilities.
A recombinant 56-kDa protein from the Boryong strain fused with maltose binding protein was shown to be suitable for diagnosis of scrub typhus when used in ELISA and passive hemagglutination tests (20, 21) . Recently a truncated recombinant major outer protein antigen of the Karp strain (r56) was expressed and refolded to a structure very similar to its native form (6) . A commercially available ELISA for immunoglobulin M (IgM) and IgG detection using r56 has been developed and evaluated previously (22) . The ELISA format is very convenient for large-scale testing in a pathology laboratory, and the assay takes about 50 min to perform.
Here we describe the development of a simple and rapid immunochromatographic flow assay (RFA) that also employed r56 as the antigen. The RFA consists of a unique double-sided lateral nitrocellulose strip, which can simultaneously detect the presence of IgM and IgG (8) . The performance of this rapid test was compared to that of IFA by using Orientia strain Karp whole cells as antigen with 321 sera from suspected scrub typhus patients. The sensitivity of RFA is much higher than that of IFA. In general, RFA can detect scrub typhus-specific antibodies in serial bleedings earlier than IFA. The specificity of the RFA is Ͼ97% based on the results of 78 non-scrub typhus-infected patient sera. This test does not require any special equipment, and there is no need for sophisticated technical training. The procedure for RFA takes less than 15 min to finish and is much simpler to perform than the commercial dip-stick assay reported previously (36) . This product is suitable for rural clinical sites and doctors' offices where advanced medical support is limited.
MATERIALS AND METHODS
Production of r56. The procedures for the production of r56 were essentially the same as those described previously, with slight modifications (6) . Because ampicillin cannot be used for GMP production, a kanamycin resistance gene was inserted into the original plasmid, pWM1, which carried the truncated 56-kDa protein gene of the O. tsutsugamushi Karp strain. The kanamycin resistance gene was cut from pUC-4K (Pharmacia, Piscataway, N.J.) using the restriction enzyme EcoRI and ligated into pWM1 (6) . The final construct, pWM2, contained both the new kanamycin resistance gene and the original ampicillin resistance gene and the truncated Karp strain 56-kDa protein gene. Escherichia coli BL21(DE3) (Novagene, Madison, Wis.) was transformed with pWM2. Cell pellets were resuspended in 20 mM Tris-HCl, pH 8.0 (buffer A), and disrupted with a microfluidizer (Model M110F; Microfluidics Corp., Newton, Mass.). Pelleted inclusion bodies from the cell lysate were sequentially extracted with 2 M urea in buffer A and 2% sodium deoxycholate in buffer A. Finally the extracted pellets were dissolved in 8 M urea in buffer A and loaded onto a Toyopearl DEAE-650M ion exchange column (TosoHaas, Montgomeryville, Pa.) which was equilibrated with buffer B (6 M urea in buffer A). Bound r56 was eluted with 0.1 N NaCl in buffer B. The absorbance of the pooled r56 fractions at 280 nm was measured, and the pool was diluted with buffer B to a final concentration of 0.67 mg/ml. Refolding of r56 in 6 M urea in buffer A was achieved by sequential dialysis with 4 M urea and 2 M urea in buffer A and finally with buffer A only. The truncated recombinant antigen was easy to refold and formed much less aggregate upon storage than improperly folded antigen.
Concept of RFA. The Scrub Typhus Rapid Flow Assay is a double-sided lateral flow strip assay (8) . This assay detects IgM antibody on one side of the strip and IgG antibody on the other side. In the IgG test, the recombinant protein r56 is deposited on the nitrocellulose membrane as the capture antigen line. The detecting reagent, which is purified staphylococcal protein A conjugated to colloidal gold, is dried on a conjugate pad. During the assay, specific IgG antibodies in the patient's serum are captured on the membrane and are detected with the redissolved gold conjugate as shown in Fig. 1a . The IgM test utilizes a monoclonal antibody to human IgM bound on the nitrocellulose as the IgM capture reagent and a recombinant antigen r56 conjugated to colloidal gold dried on a pad as the detecting reagent (Fig. 1b) . Anti-human IgM monoclonal antibody was purchased from BioSpecific, Emeryville, Calif. Conjugates used in the assay were prepared in-house by labeling r56 antigen or protein A with colloidal gold. A control line is also included to ensure that sufficient liquid has passed over the capture lines. The detection conjugates dried on the conjugate pads dissolved upon contact with the diluted patient sample, and the antibodies in the serum react with them. The complex then wicks past the test and control lines on the nitrocellulose membrane. RFA test procedure. A volume of 120 l of strip buffer is added to a clear 12-by 75-mm tube, followed by addition of 2 l of the test serum. The tube contents are mixed by gently tapping the side of the tube to allow for the uniform distribution of the serum. Following the addition of a test strip into the tube, the diluted serum wicks upward on the strip. The test result is read after 15 min (Fig.  2) . A positive result appears as a purple-red band. The absence of a band suggests a negative result. If the control lines fail to appear, the assay must be repeated.
IFA test. IFA titers were determined as described previously (2) . The IFA antigen was a 20% yolk sac suspension of the Karp strain. All conjugates were standardized by the method of Beutner et al. prior to use (1) . Stained slides were examined at ϫ400 magnification. Endpoint titers were expressed as the reciprocal of the highest serum dilution at which rickettsiae exhibited 1ϩ fluorescence. Titers equal to or larger than 40 were considered positive, and those less than 40 were negative. The key serum dilution, 1:40, was established after testing 51 volunteers of comparable age and occupation.
Human sera. Patient sera from the Pescadore Islands of Taiwan were obtained from a Chinese military garrison stationed there during 1976 and 1977 and were stored at Ϫ80°C (2). The initial clinical diagnosis of scrub typhus was confirmed by the demonstration of rising anti-rickettsial IFA titers (2) . Cases for which serial bleedings were available were tested. The time intervals between serial bleedings varied, but most of them were collected 1 week apart. Sera from non-scrub typhus patients were from a reference panel (36) . Sera from patients without a history of scrub typhus and diagnosed with the following diseases (number of sera in parentheses) were included in the negative control panel: bartonellosis (four), cholera (two), leptospirosis (three), malaria (three), rheumatoid arthritis (three), tularemia (nine), typhoid (six), anti-nuclear antibody (twenty-one), and others of unknown origin (twenty-seven).
The experiments reported herein were conducted according to the principles set forth in the Guide for the Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources, National Research Council, DHHS Publication (NIH) 86-23 (1985) (16a). This study was conducted in accordance with human subject protocols approved by the Naval Medical Research Center Committee for the Protection of Human Subjects.
RESULTS
The performance of the RFA was evaluated with a panel of 78 individual sera collected from non-scrub typhus patients and with a panel of 321 sera (serial bleedings of 85 individuals with clinically diagnosed scrub typhus) that were collected in the Pescadore Islands from 1976 to 1977. The intervals between serial bleedings were about 1 week. The comparison of RFA performance with that of IFA is summarized in Table 1 . Earlier or later detection means 1 week before or 1 week after the other test showed positive. Among all 85 cases, 50 cases exhibited 1-week earlier detection with RFA for either IgM or IgG, 60 cases at the same time, and 7 cases exhibited 1-week later detection. Based on these results, RFA is more sensitive than IFA in detecting early antibody responses. Similarly, when the antibody level decreased in convalescent bleedings, the RFA showed positive in longer duration than IFA (Tables 2 through 4). For IgM responses, RFA detected the first specific responses earlier than IFA in 29 cases, had the same initial detection time in 44 cases, and had become reactive later than IFA in 5 cases. Seven cases were negative by both methods. For IgG tests, RFA detected the specific responses earlier than the IFA in 37 cases, had the same detection time in 42 cases, and had later detection times than IFA in 2 cases. Of the 85 suspected cases, 81 cases were confirmed as scrub typhus infection. The four unconfirmed cases showed negative results by both RFA and IFA. Two of these cases were isolation negative, and for the other two cases no isolation was attempted (2) . Tables 2 through 4 list some representative cases illustrating these results. Cases where RFA showed earlier detection than IFA were further grouped into three categories (Table 2) : IgG and IgM were detected earlier (MAK134 and MAK251), IgG was detected earlier but IgM was detected simultaneously (MAK116 and MAK153), and IgM was detected earlier while IgG was detected simultaneously (MAK213). Specific antibodies could be detected as early as 5 days after the onset of illness. Although the RFA generally showed positive 1 week earlier than IFA, in two cases RFA-positive results were observed 2 to 3 weeks earlier than IFA-positive results (MAK153 and MAK114, not listed in Table 2 ). In 19 cases, both IgG and IgM were detected by RFA and IFA at the same time ( Table  3 ). The five cases in which IgM or IgG were reactive earlier by IFA than by RFA are shown in Table 4 . In these five cases, the IFA titers of the IFA-positive, RFA-negative sera were never higher than 80. For all the sera tested in this study, there was no single serum of which the IFA titer was higher than 80 and the RFA test was negative.
Simultaneous detection of IgM and IgG with RFA allows the estimation of both primary and secondary infections. Table  5 lists results with some cases classified as secondary infections. In these cases either IgG was present earlier than IgM or IgM was absent by both RFA and IFA. Reinfections or secondary infections with scrub typhus are common in regions where scrub typhus is endemic and can be distinguished from primary infections by their earlier onset of IgG antibodies and no production or very low levels of IgM.
The sensitivities of RFA detection with sera from confirmed cases were 74% (237 out of 321) and 86% (277 out of 321) for IgM and IgG, respectively (Table 6 ). When IgM and IgG were used together, the sensitivity was 89% (284 out of 321). In the past, the "gold standard" for scrub typhus diagnosis was IFA. The sensitivities of IFA detection with sera from confirmed cases were 53% (169 out of 321) and 73% (233 out of 321) for IgM and IgG, respectively, and 78% (251 out of 321) when IgM and IgG results were both considered. The P values for all comparisons of RFA versus IFA were calculated by Fisher's exact test to be the following: IgM, P Ͻ 0.0001; IgG, P Ͻ 0.0002; IgG and IgM, P ϭ 0.0007. Consequently, RFA was substantially more sensitive than IFA. The specificity of the RFA was 99% for IgM and 97% for IgG, as determined from the results of 78 non-scrub typhus patient sera. Actually, only two malaria patients were positive for IgG by RFA, and one of the same patients was positive for IgM by RFA. 
a Date of onset is listed in parentheses as month/day/year. IFA negative (Ϫ), titer of Ͻ40; RFA negative (Ϫ), no visible lines.
DISCUSSION
Antigenic differences in Orientia are an important consideration for serodiagnosis of scrub typhus, because at the present time, the number of scrub typhus serotypes is not completely known. The variable major outer membrane protein (vOmp) of O. tsutsugamushi used for serotyping varies from 53 to 63 kDa, even among isolates from the same country (24) . Both unique and cross-reactive domains exist in different homologs of this protein (24, 28) . Consequently, the selection of a vOmp antigen from an appropriate strain or whether to use multiple strains is a basic consideration in the design of diagnostic tests for scrub typhus. DNA sequence analysis of vOmp genes from different strains identified at least four variable domains and four conserved domains on this protein (26). Choi et al. generated a series of vOmp gene deletion fragments from various strains and concluded that the variable domain I (VD I) is important in homologous antibody responses and that antigenic domains II (AD II), AD III, and VD IV are important in the heterologous antibody responses of mice immunized with those deletion fragments (7) . However, the nature of human responses to different serotypes of vOmp is still not known. Previously we showed that r56 from the Karp strain exhibited broad cross-reactivity with rabbit immune sera of seven other antigenic prototype strains (Gilliam, Kato, TA716, TA678, TA763, TH1817, and TA686) (6) . Furthermore, patients from Thailand and Australia reacted very well to Karp r56 in an ELISA (22) . At the present time we believe that the r56 from the Karp strain is suitable for testing sera over widely separated regions.
The Karp strain r56 is truncated at both the N and C termini. It contains all the variable domains (VD I, VD II, VD III, and VD IV) and all the antigenic domains except AD I, which is only partially included (amino acids 80 to 113). Choi et al. showed that VD I was highly immunogenic and that antibodies to the N-terminal portion were predominant in mice (7). However, when patient sera from the Pescadore Islands were tested against series of overlapping peptides which encompass the whole open reading frame of the Karp strain 56-kDa protein, no strong epitopes were found in this region (Ching et al., unpublished results) . Although r56 contains VD I, the antibodies against VD I may not be dominant in human responses. The high sensitivity of the RFA that uses Karp r56 suggests that most of the strains from the Pescadore Islands contain antigenic domains that are cross-reactive with the Karp strain. The restriction fragment length polymorphism analysis of the isolates from the Pescadore Islands identified five different types (10, 34) . Furthermore, some patient sera had higher IFA titers against whole-cell antigens of strain Gilliam or Kato than against Karp (2) . The strain variations may account for those cases in which antibody detection was earlier with IFA than with RFA (Table 4 ). In the IFA test, total antibodies against all rickettsial proteins were measured. In the RFA test, only antibodies against the truncated 56-kDa protein were measured. Antibodies other than those against the 56-kDa protein may be less serotype specific, thus contributing to the sensitivity of IFA for heterologous strains. Bourgeois et al. found that IgM responses were relatively more strain specific by IFA in both primary and secondary infections (2) . The IgM detection by RFA may be more sensitive to differences in the antibody responses due to antigenically different strains because r56 lacks the conserved cross-reactive antigens which are present in the whole-organism assays.
The performance of the RFA was evaluated with 321 scrub typhus patient sera and 78 serum specimens from non-scrub typhus patients. The results of these 399 sera showed that RFA is more sensitive in serodiagnosis than the traditional gold standard IFA assay. When the results of IgG and IgM were combined, the sensitivity was 89% for RFA and only 78% for IFA (P ϭ 0.0007), based on confirmed cases. The higher sensitivity of RFA leads to the earlier detection of antibodies in acute-phase patient sera and later detection in convalescentphase sera compared to those of IFA. Differences in sensitivity between the RFA and IFA may be due to the different formats of the assays. The specificity of RFA is excellent (Ͼ97%). The supposed false positives observed for two malaria patients reacted with r56 like true positives by Western blot analysis. This could be due to true cross-reactivity of anti-malarial or antiscrub typhus antibodies with different antigens or a dual infection with malaria and scrub typhus. Reinfection with scrub typhus is relatively common in areas where scrub typhus is highly endemic (2) . The specificity of RFA may actually be as high as 100%. Therefore, the high sensitivity of the RFA is not at the expense of its specificity. At the present time, the commercially available dot blot immunologic assay (Dip-S-Ticks; Integrated Diagnostics, Baltimore, Md.) requires tissue culture-grown, Renografin density gradient-purified whole-cell antigen (36) . The procedure of the Dip-S-Ticks assay needs a temperature-controlled water bath, several refrigerated reagents, and multiple steps to get reliable results. The procedure for RFA is simpler than that of the Dip-S-Tick assay and only takes 15 min to accomplish. The stability of RFA test strips was evaluated under high-temperature stress at 37 and 50°C over a period of 1 to 12 weeks. The predicted shelf lives using the results of four negative and six positive sera are 1 to 2 years at 22°C and at least 2 years at 4°C. RFA should present fewer problems for storage and transportation and test reproducibilities than tests which use whole rickettsiae. We believe that the RFA is particulary suitable for use in field settings where medical support is limited. To improve upon the already broad reactivity of RFA for the diagnosis of scrub typhus, we are producing r56 antigens from strains Gilliam and Kato to be included in the RFA for future evaluation. Both strains were shown to be antigenically distinct. They were isolated from geographic areas different from that of the Karp strain (Karp from New Guinea, Gilliam from Burma, Kato from Japan). It will be necessary to test other strains to confirm the increased broad reactivity of the combined antigen test.
